We make use of a micromechanical model for polycrystalline shape memory alloys, whose main focus is the orientation distribution of the martensitic low symmetry variant. By energy minimization, the internal reorientation of martensite can be predicted. Hysteresis effects are included via the hypothesis that changes in the orientation distribution are connected to energy dissipation. From these considerations, we obtain evolution equations for the orientation distribution in terms of the thermomechanical driving forces. Comparing our model to results from synchrotron diffraction experiments, good agreement is found between experimentally observed and analytically predicted orientations of austenite and stressinduced martensite.
Introduction
The focus of this paper is a comparison between analytical modeling and experimental testing of polycrystalline shape memory alloys. The material behavior is modeled based on the orientation distribution of the martensitic low-symmetry phase within the polycrystal. The model we use here has first been presented in [1] . By optimization of the global energy over all possible orientation distributions, we identify the thermodynamical driving forces as fundamental parameters governing the microstructural development. These driving forces are then compared to experimental results obtained by synchrotron diffraction experiments.
Details of the experimental procedure used are given in [2, 3] .
A first ansatz to model the material behavior of microstructured shape memory alloys by energy optimization has been presented in [4] and extended to include dissipative effects and inelasticity in [5] . A thermodynamical framework with a focus similar to this paper has been given in [6] . * Corresponding author. Tel.: +49 234 32 27090; fax: +49 234 32 14154.
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Micromechanical model
An ideal polycrystalline shape memory alloy consists of an infinite number of randomly oriented grains. For modeling purposes, however, the number of different crystal orientations is restricted to a large, but finite number N. Starting from an arbitrary fixed coordinate system, every crystal orientation j is described by a rotational tensor R j . Together with the linearized Bain strain ε t describing the transformation from the undeformed austenite reference configuration to the lower symmetry martensitic structure, the transformation strain for orientation j is
Here the arbitrary reference coordinate system has been chosen such that ε t is a diagonal matrix with entries ε t1 , ε t2 , and ε t3 . The volume fraction corresponding to the jth martensite orientation is now denoted by λ j , j = 1, . . . , N, whereas λ 0 corresponds to the transformation strain η 0 = 0 of the austenite. Mass conservation then leads to the constraints We assume a simple linear elastic material law:
where A is the elasticity tensor with components A klmn = δ kl δ mn + 2μδ km δ ln , ":" means contraction with respect to two indices, and α j denotes the chemical energy of the jth variant, which only differs from austenite to martensite but is the same for all martensite variants for reasons of symmetry. The isotropy of the elastic constants may be assumed for a polycrystalline material since anisotropies are averaged out for a sufficiently large number of randomly oriented grains. Isotropy is, however, not a necessary condition required in our model.
In the energy formulation (3), we introduced the strain ε j of the crystals of orientation j. The global strain ε is then given as the average
which leads to the following formulation of the global energy for fixed volume fractions:
This way of calculating the free energy corresponds to a relaxation by convexification, which is actually a very crude way of obtaining lower bounds as estimates to the energy of a multivariant material. For more sophisticated ways of relaxing energy functions and the corresponding mechanical interpretations, see [7, 8] . For a comparison of upper and lower bounds to the free energy in order to estimate the quality of the convexification bound, see [9] [10] [11] . Minimizing (5) over the crystal strains ε j yields the straightforward expression for the relaxed energy
with the effective transformation strain and chemical energy
The crystal strains for which this minimal energy is achieved are
Time evolution
In order to fully describe the material behavior, an ansatz for the dissipation within the polycrystal is needed. Since changes in the orientation distribution correspond to a growth and shrinking of domains containing certain variants, an intuitional assumption is the dissipation function (λ) = r|λ| (9) which connects the Euclidian norm of the rate of change of the orientation distributions linearly to the dissipated energy. A discussion of different dissipation functions in micromechanical and multiscale models for shape memory alloys may be found in [12] . To derive the evolution equations, we start from the minimum principle
→ min under the constrains (2).
A mathematically identical formulation has been derived in [13] , however in a mechanically different setting. Furthermore, we introduce the thermodynamically conjugate driving forces toλ
Variational calculus and a Legendre transform with respect to the driving forces then yield the evolution equatioṅ
constrained by (2) and the Kuhn-Tucker conditions
Here we have introduced the notions of an active set A = {j|λ j > 0} and its active deviator 
Examples
The ability of the procedure presented above to model the most important effects in the behavior of polycrystalline shape memory alloys, such as pseudoelasticity and the shape-memory effect, has been shown in [1, 14] . In this work, we focus on the comparison of analytically and experimentally obtained orientation distributions.
In Eq. (11), the term
equals the global stress. From experimental observations and analytical results obtained with the model presented above, it is known that the transformation between austenite and martensite mainly takes place in the plateau where the stress is approximately constant. Consequently, the driving forces and thus, following Eq. (12), also the growth rates of the domains of certain orientations are constant over the whole plateau in which the transformation takes place. For a qualitative comparison, we may therefore assume that the probability of finding a certain orientation of the martensite is proportional to the corresponding driving force, hence
for appropriate constants k 1 , k 2 > 0.
In order to compare the evolution of the internal variables used in our model, we calculate the orientation distribution λ from Eq. (15) corresponding to orientations in the plane of a polycrystalline shape memory alloy specimen. The constant k 2 has been adapted for best agreement with the experiments explained below, while k 1 is a proportionality factor which remains undetermined.
Note that, to capture the hysteretic behavior of the material, k 2 would have to be adjusted to a higher value for the retransformation during unloading. However, since the experiments we want to compare our model to have been carried out for loading only, consideration of the unloading and thus of the hysteretic behavior is beyond the scope of this paper.
Appropriate experiments have been conducted by Schmahl et al., see [2, 3] . They measured the orientation distribution for different refraction planes of both the austenite and the martensite lattice. The input data to our model are, in this case, the lattice parameters a 0 = 3.008582 × 10 −10 m for the austenite and a = 2.880011 × 10 −10 m, b = 4.585065 × 10 −10 m, c = 4.129873 × 10 −10 m, and γ = 95.9939 • for the monoclinic martensite. Furthermore, orientation distributions of the austenite in the unstrained state have been included as initial conditions. This was necessary since the austenite was not equally distributed in the specimen, but clearly showed a rolling texture. The orientation distribution φ(R) of the specimen used is known from the experiments. We then replace Eq. (15) bȳ
where k 3 is a cut-off parameter used for reduction of experimental noise in the orientation distribution. The experimental setting and the corresponding geometrical angle definitions are sketched in Fig. 1 . The results of the comparison for different martensite refraction planes are shown in Figs. 2-4 ; here, the left scale corresponds to the measured radiation intensity for the corresponding refraction direction, whereas the right scale indicates the amplitude of the driving forces. Since, at the present stage of our work, a quantitative comparison of experimental and analytical intensities is not yet possible, the results have been scaled to a similar level.
Note that, in Fig. 4 , the dissipation parameter k 2 has been set to a lower value than in Figs. 2 and 3 . This leads to a significantly better agreement with the experimental data. A reason for this may be that twinning of the martensite variants facilitates the formation of some plane orientations in comparison to others. This hypothesis, however, remains to be proven. Obviously, a reasonably good agreement in the qualitative result has been achieved. The remaining differences, especially regarding the exact location of the maximum intensities, may be caused by uncertainties due to the interpolation of the rolling texture data, which was measured for a relatively low number of points only.
For details of the experimental procedure used, we refer to [3] .
Conclusion
We have presented a micromechanically motivated model for polycrystalline shape memory alloys. The model relies only on physically relevant physical constants, most of which have been measured for a variety of materials and presented in the material science literature. The internal variables of the model, the distribution of martensite orientations, have been compared to experimental data obtained by synchrotron diffraction. Reasonably good agreement of experimental and analytical data has been shown.
